failure is involved. This multisystem impairment involves dysregulation of neuromuscular, endocrine, and immune systems with aging (7) . Low-level inflammation, sarcopenia, osteopenia, and nutritional changes are diagnosed and often the presence ofother contributing factors of chronic and acute illness, and environmental stress can be found (8) (9) (10) .
An empirical definition of the frailty phenotype, which includes weight loss, slowness, exhaustion, poor exercise tolerance, and weakness, has been proposed by Fried (11) . The presence of three of these indicators defines the frailty syndrome; however, the definition of a condition that implies aging with multiple physical, mental, and social involvement is very complicated. Using this definition, it was demonstrated that older adults with frailty have a greater risk of multiple diseases, heart failure, atherosclerosis and diabetes mellitus (2, 11) , which in tum increase the social cost of health care for these patients (12) . Current attempts to identify frailty are based on measures of mobility and physical performance, whereas little is known about biological markers of frailty (13) .
The observation of an association between increased levels of inflammation markers and aging (14) , led to the definition of "inflammageing" as a risk factor independently related to morbidity and mortality in older subjects (15) (16) . Very recently, emerging evidence has suggested a pathophysiological link between FS and an oxidative phenotype (17) (18) (19) (20) . This intriguing hypothesis has been recently supported by the study of Ferrucci et al. who observed a low level of vitamin E in frailty patients independently from dietary intake, inflammation or body composition (21) . While in that study the slight decrease of Vit E (which is actually an indirect oxidation marker) could not be representative overall of oxidative status, it is conceivable that oxidative stress might represent the link between FS and inflammation, which is of interest since oxidative imbalance should be susceptible to modification.
All cellular activities require oxygen for biosynthesis of their components, and oxygen consumption produces reactive oxygen species (ROS). The intracellular antioxidant system is based on Glutathione (GSH), which plays a key role in detoxification reactions and in regulating the thiol-disulfide status in the cell (22) . GSH oxidation in plasma also reflects a generalized oxidative stress or a decline in antioxidant system in tissues; depletion of GSH significantly affects cell survival, particularly ifthey are under oxidative stress (23) .
The oxidative breakdown ofbiological membrane phospholipids leads to the production of a mixture of carbonyls with a significant increase of aldehydic protein plasma adducts such as malonaldehyde (MDA) and 4-hydroxynonenal (HNE) (24) (25) . These carbonyl compounds are involved in different redox-sensitive pathways and their protein adducts are useful markers of oxidative stress (26) .
Accordingly, we designed the present human study to define whether circulating oxidative stress correlates with frailty in terms of glutathione balance and oxidative protein damage and whether blood redox balance may act as a predictor for the syndrome.
MATERIALS AND METHODS

Subjects and study design
One hundred thirty-six consecutive elderly outpatients admitted to the General Medicine Clinic of the "Casa Sollievo della Sofferenza Hospital" from January 2007 to June 2007 were enrolled in the study. Patients older than 70 years living in San Giovanni Rotondo (Foggia, Italy) were referred to our unit in the field of a preventive disease program for the elderly. Patients discharged in the last 6 months after any acute disease and healthy subjects both participated in this program. Patients who had not been admitted to the hospital during the previous six months were enrolled in the study. After informed consent was given and approval was given by the local Ethics Committee according to the Helsinki declaration (27) , patients were examined to verify their health status through medical history, physical and laboratory examination.
None of the subjects smoked and all ate a standard Mediterranean diet. Inclusion criteria were the following: age 2' : 65 years, absence of physical impairment or disability evaluated by Multidimensional Geriatric Assessment (28) . Patients affected by cancer at enrolment (n=13), dementia (n= 16) (Diagnostic and Statistical Manual of Mental Disorder (DSM)-III criteria) and Mini-Mental State Examination (29) score <18 (n=21) were excluded because ofthe difficulty to asses the frailty status. Patients who reported disabilities in basic activity of daily living (eating, dressing, bathing, walking, toileting, transferring and maintaining continence) (n=19) and those taking antioxidant supplementation (n=6) were also excluded. The 62 participants with all-inclusive criteria were included in the analysis.
Frailty Syndrome and data collection
The status of "older frail" was defined according to Fried criteria (11) applied as follows: A) "Exhaustion": self reported feeling that "everything I did was an effort" or "I could not get going" at least three days a week in the month before the evaluation; B) "Low physical activity" (self reported): the evaluation of this item was based on Physical Activity Scale for the Elderly (PASE) (30) . The PASE score combines information on leisure, household, and occupational activity and was systematically used to assess physical activity in epidemiologic studies of older adults. Cut off for frailty was a score lower than 88; C) "Low walking speed": time to walk 4.57 m (15 feet) at usual pace. Cut-off was 4.6 meters in 7 seconds; D) "Weakness grip strength": grip strength was measured by a handle dynamometer. Cut offs were 5.8 Kg (males) and 3.4 Kg (females); E) "Shrinking" (self reported): an unintentional weight loss greater than 4.5 kilograms in the previous year. Patients with a combination ofat least three of the five criteria were considered frail whereas those with less than three criteria were defined as non-frail.
At enrolment, medical, social, and demographic data were recorded. Data collection methods included interviews of the subject and family members. Interview items included marital status, number of children, number of relatives living nearby, hours spent alone and current use of home health care. Body weight and height, and mental status score were also recorded. The subject's mental status was measured on admission using the standard Mini-Mental State Examination (29) .
Collection ofblood samples
Fasting venous blood samples were collected from all patients. For the reduced glutathione (GSH) assay, whole blood was mixed with an ice-cold buffer containing 7.5% perchloric acid (PCA) (Sigma, Milan, Italy) and 1.25 mM bathophenanthroline disulfonic acid (BPDS) (Sigma, Milan, Italy). For the oxidized glutathione (GSSG) assay, a buffer containing 12% PCA, 2 mM BPDS and 40 mM N-ethylmaleimide (NEM) was used. The samples were centrifuged for 10' at 13,000 g at 4°C and the supernatants stored at -80°C until analysis. Tumor Necrosis Factor-a (TNF-a), malonaldehyde (MDA) and 4-hydroxy-2,3nonenal (HNE) protein adducts were measured in plasma.
Glutathione and plasma assays
Total glutathione level was quantified by a glutathione reductase recycling procedure according to Tietze, with minor modifications as previously reported (31) . Briefly samples reacted with DTNB (5, 5'-dithiobis-2-nitrobenzoic acid, Ellman's reagent) (Sigma, Milan, Italy) to generate a yellow 5-thio-2-nitrobenzoic acid (TNB). The rate of DTNB oxidation is followed spectrophotometrically as 412 nm of absorbance. GSSG was measured according to Tietze using the modification of Sacchetta (32) , as previously reported (31) . A specific enzyme immunoassay kit (Cayman Chemical, Ann Harbor, MI) was used to measure TNF-a concentrations in plasma, as previously reported (31) . Plasma fluorescent adducts formed between peroxidation-derived aldehydes (MDA and HNE) and plasma protein were monitored by spectrofluorimetry according to Tsuchida, as previously reported (33) . All measurements were performed in triplicate. In addition, qualitative analysis of plasma oxidized proteins, as expression of oxidative protein damage, was performed by Western Blot analysis using Oxyblot kit (Chemicon International). Briefly, approximately 20 ug of plasma proteins were reacted with dinitrophenylhydrazine (DNPH) for 20 min, followed by neutralization with a solution containing glycerol and 2-mercaptoethanol, resolved in 12.5% SDS-PAGE, transferred to a nitrocellulose membrane, blocked with non-fat milk, and then incubated with rabbit anti-DNPH antibody as the primary antibody (1: 150) at 4CO overnight. After washing, the membrane was incubated with the secondary antibody (1:300) conjugated with horseradish peroxidase and detected by a chemiluminescence detection kit (Cell Signaling Technology, Beverly, MA, #7071). Reactive bands were visualized by the enhanced chemiluminescence method on VersaDoc Image System (Biorad).
Statistical Analysis
Data are shown as mean ± standard deviation of the mean (SDM). A Kolmogorov-Smirnoff test was used to assess the Gaussian distribution of the samples. Pearson X 2 test or unpaired Student's T test were applied to compare the difference between medians or means of two groups, respectively. Logistic regression model was used to analyze the association between redox parameter and Frailty Syndrome. Odds ratios (OR) were calculated comparing participants with FS to those without frailty. In all instances P<0.05 was considered the minimum level of significance. Data analysis was performed by the Statistical Package for Social Sciences (SPS Sv.15).
RESULTS
Sixty-two out of the 136 patients enrolled in the study, met the inclusion criteria (39 male, 23 female). The general characteristics of the patients are reported in Table I . The two groups were comparable among the frails, all were "slow" (100%) and most referred as being "shrinking" (86%). Of interest, among non-frails, only one case reported a reduction of physical activity (0.05%) as compared to the frail group (46.5%). Accordingly, few patients referred as being "weak" in the non-frail group (3).
Frail patients showed increase glutathione oxidation, inflammation, lipid peroxidation and oxidative protein damage in the blood
To asses the correlation between frailty and oxidative stress, we measured the redox balance in terms ofglutathione balance and proteins oxidatively modified by lipoperoxidative reactions. A significant increase in the GSSG was observed in patients with FS when compared to non-frail (t= 2.62; P <0.01) ( Fig. IA) . No difference was observed between the two groups with regard to GSH levels, indicating no impairment in glutathione synthesis in frail patients but suggesting glutathione consumption (t=1.84; p= n.s.) (Fig. IB) . In fact, when the glutathione balance was expressed in terms ofGSSG/GSH ratio, patients with frailty exhibited an increase in the ratio as compared to non-frail people (t= 3.52; P <0.01) (Fig. Fig. 3 , correlation between GSSG/GSH ratio and the number of lC).
To explore the inflammatory pattern of frail patients, TNF-a were measured in plasma and resulted as being significantly higher in frail compared to non-frail subjects (TNF-a: t= 4.28; P <0.01) ( Fig. 2A) .
To verify whether glutathione consumption was related to oxidative stress in FS, the level of protein oxidation was measured in terms of MDA and HNE protein adducts and the results are reported in Fig.  2B . A marked increase of aldehyde-protein adducts was evident in FS as compared to non-frail patients (MDA-adducts: t= 3.24; p <0.01. HNE-adducts: t= 5.14; P <0.01).
To better characterize the blood oxidative status, carbonyl groups of plasma oxidized proteins were derivatized with DNPH on Oxyblot and detected using an anti-DNP antibody by Western blot, as described in Materials and Methods. An appreciable decrease in oxidized proteins was detected in nonfrail subjects when compared to frailty patient (data not shown).
Oxidative stress associated with Frailty Syndrome: a logistic regression model
To evaluate whether the redox balance could explain the variance of Fried criteria, we performed a binary logistic regression model where frailty/nonfrailty was the dependent variable and GSSG/GSH ratio, MDA and HNE adducts were the independent variables. As shown in Table II and Fig. 3 , the redox variables were associated with the presence of FS: in detail, Table I shows positive Fried's criteria was significantly higher (r 2 = 0.8, p < 0.02).
DISCUSSION
Frailty is a commonly used term in clinical practice to indicate a state of vulnerability and low health outcomes (34) . It may be initiated by disease, lack of activity, inadequate nutritional intake, stress, and/or the physiologic changes of aging. Frailty develops slowly in a stepwise process, with increments of decline precipitated by acute events (10) . In spite of intensive research efforts aimed at understanding and defining frailty syndrome, it still remains an evolving concept lacking consensus definition and unique diagnostic criteria.
Little is known about biochemical pathways involved in FS development and progression. Recent studies have focused on the role of dysregulated inflammatory processes in the pathways of FS (15); Puts et al, studying endocrine and inflammatory markers in FS, showed high C-reactive protein, low serum 25-hydroxyvitamin D and low IGF-Ilevels in frail patients (15) . Very recently Hsu et al, analyzing a cohort of Health, Aging, and Body Composition study, a large epidemiological cohort of older adults with a large number of measured inflammatory biomarkers and comprehensive assessments of physical function, demonstrated a strong relationship between TNF-a, C-reactive protein and the decrease in elderly physical functions (35) .
Among the major features of frailty, sarcopenia is the most prominent; Howard et al (36) , in a crosssectional study using a logistic regression to examine the relationship between serum protein carbonyls and grip strength, reported that oxidative stress is independently associated with a decline in elderly muscle function. These results were consistent with the idea that ROS may contribute to a decline in muscle function with aging.
Frailty seems to be related to a critical phenotype; however, to date, no biological markers have been proposed for clinical diagnosis. Oxidative stress is frequently defined as an imbalance between antioxidants and pro-oxidant factors, which can be quantified in humans as the plasma levels of GSH/ GSSG. An increase of glutathione oxidation has been reported during aging, in response to oxidative stress, and in common chronic pathologies such as diabetes or cardiovascular diseases (37) .
The close relationship between aging and oxidative stress has been well established (38) . Reactive oxygen species (ROS) are able to initiate and modulate inflammation which in tum increases ROS release and the induction of redox-dependent signal pathway (39) . Our data show a direct association between Frailty Syndrome, inflammation and oxidative stress through increased TNF-a, GSSG/GSH ratio and increased level of protein oxidation damage.
The finding that modest elevation of TNF-a is associated with frailty support the hypothesis that FS may be the result of chronic low-grade inflammation. Consequently, such inflammation may determine many pathophysiological changes, characterizing the "aged-phenotype", finally resulting in frailty.
Glutathione (GSH) is the most important intracellular antioxidant, which acts as a radical scavenger producing oxidized glutathione (GSSG) (23) . In our study the amount of GSSG was significantly higher in patients with Frailty Syndrome when compared to controls. As expected, GSH level was not significantly different between the two groups, suggesting an increased GSH consumption (as observed in a number of chronic diseases) rather than an impairment in the synthesis (31) . Furthermore, our data show that lipid peroxidation, occurring as a consequence of oxidative stress and expressed as MDA and HNE protein adducts, shows a significant increase in frailty and a positive correlation with the frailty status.
Taken together, our findings support the hypothesis that the levels of ROS production increase during the development of frailty and suggest a possible involvement of oxidative stress in the genesis of frailty. Very recently, Ble et al, observed a significant association between reduction of circulating level of Vitamin E and frailty (21) . As reported in that study, Vitamin E is an indirect measure of oxidative stress, hence it is conceivable that other antioxidant pathways, such as glutathione balance, should be considered.
The impact exerted by oxidative stress in frailty development has been also explored using a logistic regression model where redox balance was used as independent variable. A condition of high oxidative stress increases the risk of having FS. The present study did not address the role of oxidative stress as "progressing factor" in FS or as "precipitant event". Nevertheless, some speculations may be proposed. An impairment of redox capacity in older age has been well defined as a part of multisystemic reduction of efficiency observed during aging (40) . In addition, a number of chronic diseases are able to reduce antioxidant capacity. Since older patients frequently show pluripathological conditions, it is conceivable that the redox balance may move toward the oxidative state. The normal level of reduced GSH observed in our frail population seems to support the compensative mechanism activated by the cell. However, when a precipitating factor occurs the equilibrium is no longer maintained, and oxidative stress may act as a trigger factor that increases the susceptibility of the frail to illness.
On the other hand, the redox balance analysis may represent part of a multidimensional evaluation of the older patients, since it is rapid, inexpensive and with high reproducibility. More importantly, a condition of impairment of redox balance may be corrected by environmental, nutritional and pharmacological strategies which might contribute, in the long run, to reduce the likelihood ofdeveloping Frailty Syndrome or to delay and/or mitigate this condition.
Further studies should be undertaken in oxidised older frail people to verify also whether the alteration of redox balance might precede the occurrence of the well-known physical signs of the frailty condition and whether the markers of oxidative stress might predict the frailty condition.
